Introduction
============

The endocrine pancreas responds to an increase in ambient glucose with a biphasic pattern of insulin release, represented by a short (5--10 min) first phase, followed by a long, sustained second phase release. This unique feature is best shown in response to a 'square wave' glucose stimulus, either in vivo or in vitro ([@bib1], [@bib2]). It is obvious that such a stimulation pattern is non-physiological, but the resulting biphasic response is the hallmark of the healthy, metabolically well-coupled endocrine pancreas. In type 2 diabetes or in models of this disease, it displays varying degrees of a diminished insulin response, usually described to be more prominent during the first phase, but also recognizable during the second phase ([@bib3], [@bib4], [@bib5]).

The mechanisms underlying the glucose-induced biphasic pattern of insulin secretion are still incompletely understood in spite of intensive research activities in the area. Heterogeneity within the insulin granule pool and/or heterogeneity of the signals in stimulus-secretion coupling may both contribute ([@bib6], [@bib7]). Nutrient secretagogues (glucose and a limited number of amino- and keto acids) act via a bifurcating pathway. The oxidative phosphorylation induces the electrical activity by closure of the ATP-sensitive K^+^ channels (K~ATP~ channels), additional signals from the mitochondrial metabolism act further downstream ([@bib8]).

Since depolarization-induced Ca^2+^ influx is considered to represent the 'triggering' signal of nutrient-stimulated insulin secretion it is often assumed that the first phase is exclusively determined by the opening of voltage-dependent Ca^2+^ channels leading to the fusion of membrane-docked granules ([@bib9]). The second phase in contrast would then be formed by the additional signals, which are referred to as 'amplifying pathway' ([@bib8]). However, the characteristics of both first phase and second phase secretion were markedly influenced by modulating the pre-stimulatory conditions so as to affect the amplifying pathway ([@bib10], [@bib11]).

The effect of the amplifying pathway on the level of insulin secretion can be demonstrated by increasing the concentration of a nutrient secretagogue when the beta cells are already depolarized, either by pharmacological K~ATP~ channel closure ([@bib12]) or by K^+^ depolarization plus pharmacological K~ATP~ channel opening ([@bib13]). When the K~ATP~ channel closure takes place in the absence of exogenous nutrient, the metabolic amplification by a subsequent glucose stimulation is lost; however, the metabolic amplification by the keto acid alpha-ketoisocaproic acid (KIC) remains intact ([@bib14]). This discrepancy between the amplifying effect of two nutrient secretagogues may lead to the unambiguous identification of the relevant signaling metabolites in this pathway, which has not yet been achieved ([@bib15], [@bib16]).

Investigating the mechanisms leading to the glucose-selective loss of the metabolic amplification, we observed that a marked difference existed between the response of freshly isolated islets and that of cultured islets. So we tested the hypothesis that the cell culture phase, which is often routinely employed after collagenase digestion of the islets ([@bib17]) does not just re-establish pre-isolation conditions, but leaves its mark on the metabolic signaling in the beta cells and, in consequence, the kinetics of nutrient-induced insulin secretion.

Materials and methods
=====================

Chemicals
---------

Collagenase for islet isolation was initially NB8 from Serva (Heidelberg, Germany), in later experiments collagenase P from Roche (Sigma) was used. Fura-2 LeakRes (AM) was obtained from TEF-Labs (Austin, TX, USA). Cell culture medium RPMI 1640 without glucose was from Sigma and fetal calf serum (FCS Gold ADD) was from Bio & Sell (Nürnberg-Feucht, Germany). BSA (fraction V) and all other reagents of analytical grade were from E. Merck.

Tissue and tissue culture
-------------------------

Islets were isolated from the pancreas of female NMRI mice (12--16 weeks old, fed ad libitum) by a collagenase digestion technique and hand-picked under a stereomicroscope (for details see ([@bib18])). For some of the experiments the islets were microdissected to avoid contact with the collagenase. Care was taken to limit the time between onset of digestion and start of the perifusion of freshly isolated islets to 45 min. For a direct comparison between freshly isolated islets and cultured islets the same batch of islets was split in two. Islets were cultured in cell culture medium RPMI 1640 and 10% fetal calf serum (vol/vol) in a humidified atmosphere of 95% air and 5% CO~2~ at 37°C. In some of the experiments FCS was replaced by 0.4% (w/v) BSA since this concentration comes close to the protein concentration of a medium with 10% FCS supplementation. The glucose concentration during culture was set at 5 mM (by adding glucose to glucose-free RPMI), except when specifically stated otherwise. The culture duration was always 22 h. Animal care was supervised by the regional authority (LAVES, Lower Saxony, Germany) and conformed to the current EU regulations. Figure 1Predominance of the first phase response in cultured mouse islets (black symbols) as compared to the variable response pattern in freshly isolated mouse islets (grey symbols). (A) 22-h-cultured islets were perifused with Krebs--Ringer medium containing 0 mM glucose for 60 min, then 30 mM glucose was present for 40 min. The increase of the glucose concentration from 0 to 30 mM glucose elicited virtually opposite kinetics of secretion in fresh and in cultured islets. (B) Same protocol as in A with 500 µM tolbutamide additionally present throughout the perifusion. Note a virtually complete loss of glucose stimulation with fresh islets but not with cultured islets. (C) Same protocol as in A except for using 10 mM KIC instead of 30 mM glucose as the nutrient secretagogue. The KIC-induced high level of secretion was only maintained in fresh islets. (D) Same protocol as in B except for using 10 mM KIC instead of 30 mM glucose as the nutrient secretagogue. Note the robust response of fresh islets to KIC stimulation as compared to the loss of glucose stimulation in B. Values are means ± [s.e.m.]{.smallcaps} of 4--5 experiments each. The inset shows the integrated insulin secretion from 60 to 75 min (first phase) and from 60 to 100 min (total). \**P* \< 0.05, \*\**P* \< 0.01, cultured vs fresh islets under the same condition, unpaired two-sided *t*-test. The secretion data obtained with fresh islets are taken from Schulze *et al.* ([@bib16]). Figure 2Simultaneous measurement of the cytosolic Ca^2+^ concentration and insulin secretion by cultured (A and B) or freshly isolated islets (C and D) in response to glucose. Fura-2-loaded islets were perifused with Krebs--Ringer medium containing 0 mM glucose (A and C) or 0 mM glucose plus 500 µM tolbutamide (B and D) for 60 min, then glucose was raised to 30 mM for 40 min and washed out thereafter. The Fura fluorescence ratio of three to five islets was measured per experiment, the secretion was measured in the fractionated efflux of these islets. Upon glucose stimulation the cultured islets show a plateau-like second phase after a predominant first phase. Freshly isolated islets show an ascending second phase (C) or a virtual loss of the insulinotropic effect of glucose (D). The difference in the secretion kinetics of the second phase is not paralleled by different kinetics of the Fura ratio value (compare A and C). Values are means ± [s.e.m.]{.smallcaps} of 4--7 experiments. The experiments shown in A and C were repeated with microdissected islets (E and F). Note again the different kinetics of the second phase secretion (E) in cultured (closed circles) as compared with freshly isolated islets (open circles), which is not reflected by the respective Fura ratio values (F). Values are means ± [s.e.m.]{.smallcaps} of seven experiments each. The inset shows the integrated insulin secretion from 60 to 75 min (first phase) and from 60 min to washout (total). \**P* \< 0.05, cultured vs fresh islets under the same condition, unpaired two-sided *t*-test. Figure 3Visualization of intact, apoptotic and necrotic cells in freshly isolated or cultured islets. (A) Freshly isolated (upper row) or 22-h-cultured (lower row) islets were loaded with calcein/AM and ethidium homodimer III. The red ethidium fluorescence of necrotic nuclei is occasionaly visible in the islet periphery, whereas the green fluorescence of the viability indicator calcein renders the entirety of the fresh and cultured islets visible. Representative images of five experiments. (B) Freshly isolated (upper row) or 22-h-cultured (middle row) islets were loaded with annexinV-Andy Fluor 488 to indicate incipient apoptosis and ethidium homodimer III to indicate necrotic nuclei. Beginning apoptosis is only visible in the outermost cell layer of fresh and cultured islets. Necrosis is negligible when compared to cultured islets showing a condensed core in transmitted light (lower row). Representative images of five experiments. (C and D) Fresh islets loaded with annexinV-Andy Fluor 488 and ethidium homodimer III were incubated for 60 min in Krebs--Ringer medium with 5 mM glucose (C) or 0 mM glucose (D); Shown is the epifluorescence (upper left) and the epifluorescence projected on the transmitted light image of the islets (upper right). Optical sections of the islets were made at depths of 1 µm (lower left), 20 µm (lower left middle), 40 µm (lower right middle) and 60 µm (lower right). Representative images of three experiments each. Figure 4Increased levels of reducing equivalents by stimulation with nutrient secretagogues. 22-h-cultured isolated islets were perifused with Krebs--Ringer medium in the absence (A and C) or presence (B and D) of 500 µM tolbutamide. After perifusion without exogenous nutrient for 60 min either 30 mM glucose (A and B) or 10 mM KIC (C and D) was present from 60 to 100 min. From 100 to 120 min the nutrient stimuli were washed out. The fluorescence intensities were normalized to 100% at the last prestimulatory time point. The dark gray traces denote the NAD(P)H autofluorescence, the light gray traces the FAD autofluorescence and the black traces the NAD(P)H/FAD ratio as a semi-quantitative measure of mitochondrial reducing equivalents. Note the smaller and less reversible changes of the autofluorescences by KIC as compared with glucose. Values are means of 4--6 experiments each. [s.e.m.]{.smallcaps} ranges are omitted for clarity. Figure 5Nutrient-induced increase of reducing equivalents in cultured islets as compared with freshly isolated islets. (A) Immediately prior to nutrient stimulation the NAD(P)H- and FAD-autofluorescence levels in cultured islets were significantly lower than in fresh islets (values taken from Schulze et al. [@bib16]). (B) At the same time point the NAD(P)H/FAD ratio in cultured islets was significantly lower than in fresh islets. Values are means of 4--6 experiments each. \**P* \< 0.05, \*\**P* \< 0.01 cultured vs fresh islets under the same condition. (C--F) These values were taken to enable an unbiased comparison of the NAD(P)H/FAD ratio kinetics of cultured islets (shown in Fig. 4) with those of freshly isolated islets. After perifusion without exogenous nutrient for 60 min either 30 mM glucose (C and D) or 10 mM KIC (E and F) was present from 60 to 100 min. In D and F 500 µM tolbutamide was continuously present. Values are means ± [s.e.m.]{.smallcaps} of 4--6 experiments each. Figure 6Adenine nucleotide contents in cultured islets as compared with freshly isolated islets. (A--C) The contents of ATP and ADP of 22-h-cultured islets and freshly isolated islets were determined after static incubation in KR medium without glucose. The duration was 0 min (A), 60 min (B) or 60 min in the additional presence of 500 µM tolbutamide (C). (D) The fourth condition was 60 min followed by 30 mM glucose for 10 min, all in the additional presence of 500 µM tolbutamide. Values are means ± [s.e.m.]{.smallcaps} of six experiments each. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, cultured vs fresh islets under the same condition, paired two-sided *t*-test. Figure 7Kinetics of depolarization-induced insulin secretion of cultured and fresh islets. (A--C) 22-h-cultured islets (closed circles) or freshly isolated islets (open circles) were perifused with Krebs--Ringer medium containing 5 mM glucose for 60 min, then either 500 µM tolbutamide (A) or 40 mM KCl (B) or 30 mM glucose (C) was present for 40 min and was washed out thereafter. Note the similar secretion pattern of cultured and fresh islets in response to tolbutamide and KCl and the large difference in response to glucose. (D) This difference between cultured and fresh islets was also seen when the culture medium contained 10 mM glucose. Values are means ± [s.e.m.]{.smallcaps} of 4--5 experiments each. The inset shows the integrated insulin secretion from 60 to 75 min (1st phase) and from 60 min to washout (total). \**P* \< 0.05, \*\**P* \< 0.01, cultured vs fresh islets under the same condition, unpaired two-sided *t*-test.

Integrity of freshly isolated and cultured islets
-------------------------------------------------

The appearance of freshly isolated islets and cultured islets was checked using transmitted light microscopy with DIC-contrast. Islets were placed in an open chamber with glass bottom and a water immersion objective (Zeiss Achroplan 40×, 0.75 w) was used for inspection. Photomicrographs were taken by a Panasonic Lumix GX80 at the photo port of the upright Zeiss Axioscope FS microscope. The relation of live and dead cells in the islets was assessed by the live/dead assay according to the manufacturer's protocol (PromoCell, Heidelberg, Germany). The non-fluorescent membrane-permeable Calcein AM-ester is cleaved in the cytosol of living cells whereby a green fluorescence is produced and retained within the cell when the plasma membrane is intact. Ethidium homodimer III is excluded from a living cell with an intact plasma membrane but can reach the nucleus of dead cells. There it binds to nuclear DNA whereby the red fluorescence is about 40-fold intensified. The occurrence of early steps of apoptosis in fresh and cultured islets was checked by annexin V assay (ABP Biosciences, Rockwell, MD, USA). Andy Fluor 488-coupled annexin V binds to the outer leaflet of the plasma membrane if phosphatidylserine is present, which indicates the onset of apoptosis ([@bib19]). The number of dead cells is again indicated by the red fluorescence of ethidium homodimer III. After loading with the indicators, islets were placed on Petri dishes with glass bottom (ibidi GmbH, Gräfelfing, Germany) and placed on the stage of an inverted Nikon Ti2-E microscope fitted with a Yokogawa CSU W1 spinning disk unit. The green fluorescence of calcein and of Alexa Fluor 488 was excited at 491 nm, the red fluorescence of ethidium homodimer at 561 nm and collected by a Nikon CFI Plan Apochromat Lambda S40 XC Sil objective (40×, 1.25 N.A.), which is designed to image thick specimen of living cells. Images were acquired by a sCMOS camera (Prime BSI, Teledyne Photometrics, Tucson, AZ, USA) under control of Visiview Premier software (Visitron Systems, Munich, Germany).

Measurement of insulin secretion and insulin content
----------------------------------------------------

Batches of 50 islets were introduced into a purpose-made perifusion chamber (37°C) and perifused at 0.9 mL/min with a HEPES-buffered KR medium (NaCl 118.5 mM, KCl 4.7 mM, CaCl~2~ 2.5 mM, KH~2~PO~4~ 1.2 mM, MgSO~4~ 1.2 mM, NaHCO~3~ 20 mM, HEPES 10 mM, BSA 0.2%, w/v) which was saturated with 95% O~2~ and 5% CO~2~ and contained the respective secretagogue. This medium was also used for the microfluorometric measurements. The insulin content in the fractionated efflux was determined by ELISA according to the manufacturer's protocol (Mercodia, Uppsala, Sweden). The islet insulin content was measured by sonicating a group of 30 islets in an ice-cooled microtube for 20 s and measuring the insulin concentration after appropriate dilution with the zero buffer of the ELISA set.

Measurement of islet NAD(P)H- and FAD-autofluorescence
------------------------------------------------------

The islet autofluorescence of NAD(P)H (NADH + NADPH) and of FAD ([@bib20], [@bib21]) was simultaneously recorded. One islet was perifused in a purpose-made chamber on the stage of an Orthoplan epifluorescence microscope (Leitz/Leica) with KR-medium at 0.2 mL/min and 35°C. After selecting a subregion of the islet fluorescence was excited with a 150W xenon arc using the following filter combinations (Omega Optical, Brattleboro, VT, USA): for NAD(P)H, excitation 366 ± 15 nm bandpass, dichroic separation 405 nm, emission 450 ± 32 nm bandpass; for FAD, excitation 440 ± 21 nm bandpass, dichroic separation 455 nm, emission 520 ± 20 nm bandpass. The filter cubes were switched every 2.5 s with an exposure time of 0.1 s. The fluorescence was collected by a Zeiss Fluar (10×, 0.5 N.A.) and quantified by a photon-counting multiplier. To calculate mean values, the fluorescence intensities were normalized to 100% at the last prestimulatory time point in each single experiment. Since

Simultaneous measurement of the cytosolic Ca**^2+^** concentration (\[Ca**^2+^**\]**~i~**) and insulin secretion
----------------------------------------------------------------------------------------------------------------

Freshly isolated or cultured islets were incubated in KR medium (5 mM glucose) with Fura-2 LeakRes (AM) at a concentration of 2 µM for 45 min at 37°C. Five islets were then inserted in a temperature-controlled perifusion chamber (35°C) on the stage of a Zeiss Axiovert 135 microscope equipped with a Zeiss Fluar (10×, 0.5 N.A.) objective and perifused with KR-medium. The fluorescence of each islet (excitation at 340 or 380 nm, dichroic separation at 400 nm, emission 510 ± 40 nm bandpass) was recorded with a cooled CCD camera (Pursuit, Diagnostics Instruments, Sterling Heights, MI, USA) and evaluated using Visiview software (Visitron, Munich, Germany). The insulin content of the fractionated efflux was determined by ELISA (Mercodia, Uppsala, Sweden).

Islet content of adenine nucleotides
------------------------------------

Fifteen cultured or fresh islets were statically incubated to mimic typical perifusion conditions. Thereafter, proteins were precipitated and the adenine nucleotides were extracted as described ([@bib14]). ATP was determined by use of the luciferase method. The ADP content of the extract was converted into ATP by the pyruvate kinase reaction, the difference between both measurements yielding the net ADP content. Because of the interindividual variations in the adenine nucleotide contents the incubations were strictly performed in parallel and comparison between cultured and fresh islets was only made with islets from the same isolation batch.

Statistics
----------

Results are presented as mean ± [s.e.m.]{.smallcaps} GraphPad Prism5 software (GraphPad) was used for statistic calculations and non-linear curve fitting (ELISA). If not specified otherwise, 'significant' refers to *P* \< 0.05, unpaired, two-sided *t*-test.

Results
=======

Cultured and fresh islets respond differently to the same stimulation
---------------------------------------------------------------------

As shown previously ([@bib14]) 30 mM glucose induced a modest first and pronounced second phase insulin secretion from freshly isolated islets after 60 min absence of exogenous nutrients ([Fig. 1A](#fig1){ref-type="fig"}) and was even unable to stimulate secretion when the islets were depolarized by tolbutamide during the initial nutrient deficiency ([Fig. 1B](#fig1){ref-type="fig"}). These initial experimental conditions had much less effect on KIC-stimulated insulin secretion, which was pronounced irrespective of whether or not the initial period of nutrient deficiency was combined with tolbutamide ([Fig. 1C](#fig1){ref-type="fig"} and [D](#fig1){ref-type="fig"}). We now unexpectedly observed that the loss of glucose-stimulated secretion did not occur when the initial nutrient deficiency in the presence of tolbutamide was preceded by 22-h islet culture ([Fig. 1B](#fig1){ref-type="fig"}). Islet culture also changed the kinetics of glucose- and KIC-induced secretion after nutrient deficiency. In both cases ([Fig. 1A](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}) the secretory response switched from dominating second phase to dominating first phase secretion. Only in the case of KIC-stimulation after preceding depolarization in the absence of exogenous nutrient the secretion pattern was qualitatively similar to that of freshly isolated islets ([Fig. 1D](#fig1){ref-type="fig"}).

Similar kinetics of \[Ca**^2+^**\]**~i~** but not of insulin secretion during glucose stimulation in cultured and fresh islets
------------------------------------------------------------------------------------------------------------------------------

To assess the role of the cytosolic Ca^2+^ concentration (\[Ca^2+^\]~i~) and to verify the different responses of fresh and cultured islets, \[Ca^2+^\]~i~ in perifused islets was measured simultaneously with the insulin secretion ([Fig. 2](#fig2){ref-type="fig"}). Elevating glucose from 0 to 30 mM produced a peak of secretion of cultured islets during the first 10 min, concurrent with a steep increase of \[Ca^2+^\]~i~, which was preceded by a modest transient decrease of both \[Ca^2+^\]~i~ and secretion ([Fig. 2A](#fig2){ref-type="fig"}). The tolbutamide-induced depolarization in the absence of nutrient was clearly effective to sustain elevated \[Ca^2+^\]~i~ levels. Under this condition 30 mM glucose initially caused a deep decrease of \[Ca^2+^\]~i~ before eliciting a steep increase. The peak of secretion had the same height and occurred at the same time as under control condition ([Fig. 2B](#fig2){ref-type="fig"}).

With freshly isolated islets 30 mM glucose led to a response with a moderate first phase and a continuously ascending second phase ([Fig. 2C](#fig2){ref-type="fig"}). The prestimulatory \[Ca^2+^\]~i~ level was higher than in cultured islets, and the increase by glucose was less steep but reached a similar extent (compare [Fig. 2A](#fig2){ref-type="fig"} and [C](#fig2){ref-type="fig"}). In fresh islets the tolbutamide-induced depolarization in the absence of nutrient led to a strong inhibition of the secretory response to subsequent glucose stimulation ([Fig. 2D](#fig2){ref-type="fig"}). Tolbutamide led to prestimulatory \[Ca^2+^\]~i~ levels which were similar as those in cultured islets (compare [Fig. 2B](#fig2){ref-type="fig"} and [D](#fig2){ref-type="fig"}). While the \[Ca^2+^\]~i~ increase in response to 30 mM glucose was slow the levels attained were not less than under control condition.

To check for a specific role of collagenase-induced defects in shaping the secretion pattern of freshly isolated islets the effect of glucose on microdissected and cultured microdissected islets was compared ([Fig. 2E](#fig2){ref-type="fig"} and [F](#fig2){ref-type="fig"}). In response to 30 mM glucose fresh microdissected islets showed a continuously ascending second phase, whereas cultured islets from the same batch showed a predominant first phase followed by a moderately elevated plateau ([Fig. 2E](#fig2){ref-type="fig"}). Again the \[Ca^2+^\]~i~ values in fresh islets were higher than in cultured islets, but both were higher than those of the corresponding collagenase-isolated islets ([Fig. 2F](#fig2){ref-type="fig"}, compare with [Fig. 2A](#fig2){ref-type="fig"} and [C](#fig2){ref-type="fig"}). This was likely caused by damaged residual exocrine cells still attached to the islets (Supplementary Fig. 1, see section on [supplementary materials](#supp1){ref-type="supplementary-material"} given at the end of this article). Upon glucose stimulation, the \[Ca^2+^\]~i~ pattern of fresh and cultured islets was qualitatively similar ([Fig. 2F](#fig2){ref-type="fig"}), in marked contrast with the secretion kinetics.

Similar metabolic and structural integrity of cultured and fresh islets
-----------------------------------------------------------------------

The generally higher prestimulatory \[Ca^2+^\]~i~ levels in fresh islets gave rise to the concern that the secretion kinetics of these islets resulted from beta cell damage and that the more pronounced first phase was an expression of recovery by overnight culture. Therefore the viability of fresh and cultured islets was compared using the live/dead assay and imaging by spinning disk confocal microscopy. With both preparations the entirety of the islet was labelled by the calcein fluorescence, indicating that these cells had an intact plasma membrane. With both preparations fluorescent red dots, which indicate necrotic cells, were rare and confined to the islet periphery ([Fig. 3A](#fig3){ref-type="fig"}).

Since the live/dead assay gives only a rather coarse view on the islet integrity and may not report on incipient damage, the possible onset of apoptosis was checked by the binding of fluorescently labelled annexin V ([Fig. 3B](#fig3){ref-type="fig"}). The binding of annexin V was confined to outermost cell layer of the fresh islets, in the same region red dots of ethidium binding were occasionally visible. The same pattern was seen with islets that had spent 22 h in culture under the same conditions as for functional testing. Islets which showed a dense core in transmitted light after culture were imaged as positive controls. While a thin mantle of annexin V-positive cells was also visible here, a massive accumulation of red fluorescent nuclei in the islet core demonstrated the extent of necrosis. Such extent of necrosis was never seen among the freshly isolated islets.

Finally, to test for the potentially damaging effect of the absence of nutrient in the perifusion medium for 1 h, the annexin V labeling was used to compare islets which had spent 1 h in the presence of 5 mM glucose with those which had spent the same time in the absence of glucose ([Fig. 3C](#fig3){ref-type="fig"} and [D](#fig3){ref-type="fig"}). A sketchy labeling in the outermost cell layer was visible after either treatment, but the islet core (which should be most sensitive to starvation) was practically unaffected.

Kinetics of nutrient-generated reducing equivalents in cultured islets
----------------------------------------------------------------------

Since both triggering and amplifying signals emanate from the mitochondrial metabolism, the stimulation-induced changes of the NAD(P)H- and FAD-autofluorescence were measured under the same conditions as for the secretion measurements. The response to 30 mM glucose consisted in an increase of the NAD(P)H- and a slightly retarded decrease of the FAD-autofluorescence, both of which were promptly reversible upon washout. The specific increase in the levels of reducing equivalents can be highlighted by calculating the NAD(P)H/FAD ratio ([Fig. 4A](#fig4){ref-type="fig"}). The ratio showed a steady state followed by a steep increase during the first 10 min of glucose stimulation. Thereafter, an elevated plateau existed which decreased by 50% within 15 min upon wash-out. After tolbutamide-depolarization in the absence of exogenous nutrient glucose still elicited a qualitatively similar response, however the increase of the NAD(P)H/FAD ratio was smaller by about 30% ([Fig. 4B](#fig4){ref-type="fig"}). KIC produced an increase of the NAD(P)H/FAD-ratio which was smaller than the one by glucose by about 50% but which was practically unaffected by depolarization in the absence of nutrient ([Fig. 4C](#fig4){ref-type="fig"} and [D](#fig4){ref-type="fig"}). The kinetics of the KIC response was different from glucose in that an initial overshoot was followed by a moderately elevated plateau, which did not decrease during the wash-out phase.

Kinetics of nutrient-generated reducing equivalents in cultured islets in comparison with those in fresh islets
---------------------------------------------------------------------------------------------------------------

Since the NAD(P)H- and FAD- fluorescence measurements were normalized to 100% with respect to the last prestimulatory value, a direct comparison with the normalized data of the earlier NAD(P)H- and FAD- measurements of fresh islets ([@bib16]) could be misleading (Supplementary Fig. 2). Actually, the prestimulatory levels of the NAD(P)H- as well as the FAD-autofluorescence were two- to threefold lower in cultured islets than in fresh islets ([Fig. 5A](#fig5){ref-type="fig"} and Supplementary Fig. 3). Furthermore, the NAD(P)H-levels in cultured islets were more diminished than the FAD-levels, thus the prestimulatory NAD(P)H/FAD ratio in cultured islets was only about half as high as the one in fresh islets (0.75 vs 1.5 see [Fig. 5B](#fig5){ref-type="fig"}). These factors were used to make the NAD(P)H/FAD-ratios of cultured and fresh islets directly comparable ([Fig. 5C](#fig5){ref-type="fig"}, [D](#fig5){ref-type="fig"}, [E](#fig5){ref-type="fig"} and [F](#fig5){ref-type="fig"}). While the overall response pattern to nutrient stimulation was similar, for example, the response to glucose differed from that to KIC by the same criteria, the ratio values were constantly lower in the cultured islets. The most pronounced difference between cultured and fresh islets was visible when the glucose stimulus was applied in the presence of tolbutamide ([Fig. 5D](#fig5){ref-type="fig"}), which fits to the difference in secretion ([Fig. 1B](#fig1){ref-type="fig"}).

Different reactions of adenine nucleotide levels in cultured and fresh islets
-----------------------------------------------------------------------------

The contents of ATP and ADP of 22-h-cultured islets and freshly isolated islets were determined after static incubations designed to reflect four critical time points of the perifusion experiments: First, without incubation ([Fig. 6A](#fig6){ref-type="fig"}); second, 60 min in the absence of glucose or any other exogenous nutrient ([Fig. 6B](#fig6){ref-type="fig"}); third, 60 min without nutrient but with the additional presence of 500 µM tolbutamide ([Fig. 6C](#fig6){ref-type="fig"}); and finally (6D) 60 min as before plus 10 min exposure to 30 mM glucose in the continued presence of tolbutamide (see also the labels A-D in [Fig. 1A](#fig1){ref-type="fig"} and [B](#fig1){ref-type="fig"}). Without incubation neither ATP nor ADP nor the ATP/ADP ratio were significantly different, whereas after 60 min in the absence of exogenous nutrient all three parameters where higher in fresh islets. When tolbutamide was additionally present only ATP and ADP, but not the ATP/ADP ratio were higher in fresh islets. In this situation, the stimulation by glucose led to significantly higher levels of the ATP/ADP ratio in cultured islets, mainly due to lower levels of ADP. In short, the levels of adenine nucleotides are similar in cultured and fresh islets, but they evolve differently in response to nutrient deprivation and stimulation.

Minor difference between cultured and fresh islets in responding to purely depolarizing stimuli
-----------------------------------------------------------------------------------------------

To examine whether cultured and fresh islets respond differently to purely depolarizing stimuli the prestimulatory concentration was set to 5 mM and the effects of 500 µM tolbutamide and of 40 mM KCl were compared ([Fig. 7](#fig7){ref-type="fig"}). With fresh islets tolbutamide and KCl both generated a secretion pattern with a predominant first phase and a plateau phase thereafter. Culturing did not appreciably affect the response to tolbutamide and moderately increased the plateau phase in the response to KCl ([Fig. 7A](#fig7){ref-type="fig"} and [B](#fig7){ref-type="fig"}). To test whether the prestimulatory glucose concentration of 5 mM was responsible for this result, the response to 30 mM glucose was tested as well. Here, a marked difference existed. After a comparable onset, the secretion of cultured islets decreased sharply and reached a nadir at 20 min, whereas the secretion of fresh islets only slowly decreased after a broad peak and resembled a square wave pattern ([Fig. 7C](#fig7){ref-type="fig"}). Both phases of secretion were significantly smaller in the cultured islets than in the fresh islets. This difference between cultured and fresh islets was also seen when the glucose concentration during culture was 10 mM ([Fig. 7D](#fig7){ref-type="fig"}).

Major but not exclusive role of FCS in shaping the predominant first phase kinetics of cultured islets
------------------------------------------------------------------------------------------------------

The contribution of the two main components of the cell culture medium, RPMI and FCS, to shape the kinetics of secretion was assessed by replacing RPMI with KR-medium and 10% (v/v) FCS with 0.4% (w/v) BSA during the culture period. The glucose concentration was always 5 mM. Even though the total mass of released insulin differed considerably, the rapid onset of the first phase was visible under all conditions ([Fig. 8](#fig8){ref-type="fig"}). Islets cultured in RPMI with BSA showed the same pattern of secretion in response to 30 mM glucose as the islets which had been cultured in RPMI with FCS ([Fig. 8A](#fig8){ref-type="fig"}). However, the second phase secretion plateau was significantly lower ([Fig. 8C](#fig8){ref-type="fig"}). Islets cultured in KR-medium with FCS produced a comparable secretion pattern ([Fig. 8B](#fig8){ref-type="fig"}). The first phase and total secretion were not significantly different from those after culture in RPMI with FCS, but differed significantly from those after culture in KR with BSA ([Fig. 8C](#fig8){ref-type="fig"}). Such islets responded to 30 mM glucose only with a modest increase for the first 15 min and a return to the very low prestimulatory levels thereafter. The different functional responses were not reflected by the appearance of the islets, which was essentially not different from islets after culture in RPMI plus FCS ([Fig. 8D](#fig8){ref-type="fig"}). Likewise, the total insulin content per islet was not significantly affected by the different culture conditions ([Fig. 8E](#fig8){ref-type="fig"}). Figure 8Effect of the composition of the cell culture medium on the kinetics of insulin secretion. (A) Islets cultured for 22 h either in RPMI + 10% FCS (closed circles) or RPMI + 0.4% BSA (open circles) were perifused with Krebs--Ringer (KR) medium containing 0 mM glucose for 60 min, then 30 mM glucose was present for 60 min and was washed out thereafter. (B) The same protocol was used with islets cultured for 22 h either in KR + 10% FCS (closed circles) or KR + 0.4% BSA (open circles). (C) The amount of insulin released during the entire duration of glucose stimulation in (A) and (B) is shown by the white bars superimposed on the black bars, which show the one during the initial 15 min. \**P* \< 0.05, \*\**P* \< 0.01, when compared with the corresponding condition of BSA-cultured islets. Values are means ± [s.e.m.]{.smallcaps} of five experiments each. (D) The different functional responses after culture were not reflected the microscopic appearance of the islets. DIC contrast mode, the bar length is 100 µm. (E) The different culture conditions and secretion kinetics were not reflected by the insulin content of the islets. Values are means ± [s.e.m.]{.smallcaps} of five experiments each.

Discussion
==========

The observations in this study suggest that the kinetics of insulin secretion which is regarded to be typical for mouse islets can be regularly observed after a culture phase, but much less frequently when freshly isolated islets are used. Cultured mouse islets nearly invariably responded to a square wave glucose stimulus with a prominent first phase secretion followed by a moderately elevated plateau. Depending on the prestimulatory conditions, the secretory response of fresh islets ranged from a moderate first phase followed by an ascending second phase to a virtual square wave response. In particular, the experimental condition reported to abolish the metabolic amplification of glucose, but not of KIC in fresh islets ([@bib14], [@bib16]) was unable to do so in cultured islets.

A cell culture period is widely considered to be essential for the work with isolated islets, since it is presumed to permit the recovery from the stress of collagenase isolation ([@bib17]). It is also unavoidable if beta cells or islets are to be transfected. The more flexible experimental planning by the ready availability of cultured islets is an additional benefit. Currently, the wide availability of human islets ([@bib22]) and the introduction of reconstituted islet spheroids ([@bib23]) hold the promise to obtain more relevant information on human type 2 diabetes, but all these islets have spent considerable time under cell culture condition. The question is whether islet culture restores stimulus secretion coupling to its original state or leaves an imprint which may or may not correspond to the in vivo conditions.

It appears logical that islet culture diminishes the variability of the experimental observations seen with fresh islets, which reflects the different collagenase activities, the different methods of collagenase digestion (conventional method according to ([@bib24]) vs duct injection according to ([@bib25])) and the different methods of islet collection (e.g. hand-picking vs density gradient collection, see ([@bib26])). Our experience shows that even minor changes in the collagenase isolation procedure can have detrimental consequences on the functional integrity of the freshly isolated islets. However, what precisely makes up the stress of isolation, which physiological functions of the islet are distorted by it and how culturing reverses these changes has not been well defined: Actually, much of the early ground-breaking work on the stimulus secretion coupling in beta cells was done with fresh islets ([@bib27]).

The use of RPMI medium with the addition of 10% FCS was established early on as standard procedure for islet culture ([@bib28], [@bib29], [@bib30]). Later, it was described that glucose at a moderate stimulatory concentration (11 mM) keeps the apoptosis rate during culture at a minimum ([@bib31]), in line with the earlier observation that the absence of serum during culture could be partially compensated for by elevated glucose levels ([@bib29]). Under our conditions necrotic cells were rare both in fresh and in 1-day-cultured islets. Apoptosis at an early stage was only visible in the outermost cell layer of fresh islets, which may mostly consist of exocrine cells. After the culture phase the labeling by annexin V was still visible but more scattered, suggesting some of these cells had disintegrated. The incubation of fresh islets for 60 min without exogenous nutrient did not increase the annexin V labeling and necrotic cells remained exceedingly rare. In our view fresh collagenase-isolated islets, if gently and quickly isolated (which is easier to achieve with mouse pancreas than with porcine or human pancreas) are structurally intact, establish steady state conditions within 1 h of perifusion and can give meaningful information on stimulus secretion coupling.

There are few publications addressing the secretion kinetics of cultured islets as compared with that of freshly isolated islets. Zawalich et al. found that a very short term culture (3 h) transformed the elevated plateau in response to 11 mM glucose into an ascending second phase ([@bib32]). Ravier et al. described a strongly decreased steady state secretion, preceded by a predominant first phase, when mouse islets had been cultured overnight in 5 mM glucose ([@bib33]). This change parallels our observation on how culturing transformed the secretion elicited by elevating glucose from 5 to 30 mM ([Fig. 7C](#fig7){ref-type="fig"}). The predominant first phase was also visible after overnight culture in 10 mM glucose even though the secretion level was markedly increased vs 5 mM ([@bib33]).

In the intact organism a brisk first phase is particularly important for the glucose homeostasis ([@bib4], [@bib5]), so the more prominent first phase of cultured islets in response to glucose ([Fig. 1A](#fig1){ref-type="fig"} and [B](#fig1){ref-type="fig"}) may be viewed as a gain of functional competence. However, in response to KIC the freshly isolated islets showed the faster onset of secretion with a comparable magnitude of the first phase ([Fig. 1C](#fig1){ref-type="fig"} and [D](#fig1){ref-type="fig"}). This suggests that glucose-specific factors in stimulus-secretion coupling rather than unspecific structural defects were affected by the culture period. The close similarity between the kinetics of fresh and cultured islets when responding to purely depolarizing stimuli supports this view. Of note, microdissected islets showed a similar change of secretion kinetics as collagenase-isolated islets after culture ([Fig. 2E](#fig2){ref-type="fig"}), so the repair of collagenase-induced structural defects is unlikely to underlie the change in secretion kinetics.

Recently, the loss of the metabolic amplification by prior depolarization in the absence of exogenous nutrients was traced back to the time-dependent depletion of critical endogenous metabolites in freshly isolated islets ([@bib16], [@bib34]). Conversely, the preserved metabolic amplification in cultured islets would then be due to the higher abundance of endogenous metabolites or their slower consumption. In view of the lower prestimulatory NAD(P)H/FAD-ratios in the cultured islets the latter assumption may be correct. Here it has to be kept in mind that the level of reducing equivalents in the mitochondrial matrix, of which the NAD(P)H/FAD ratio is a semi-quantitative measure, is in flow equilibrium between generation in the Krebs cycle and consumption in the respiratory chain. Since we found cultured islets to consume oxygen at a lower rate than fresh islets (M Morsi and I Rustenbeck, unpublished observations), it may be the slower generation which is responsible for the lower level of reducing equivalents.

Both, the NAD(P)H- and the FAD-fluorescence levels were lower after culture. The contribution of NADPH to the NAD(P)H fluorescence signal is only of minor importance, since in beta cells glucose increases NADH as well as NADPH, probably coupled by a diminished NADPH consumption via the NNT (nicotinamide nucleotide transhydrogenase) running in the reverse direction ([@bib35]). Interestingly, FAD was proportionally less decreased than NAD(P)H, resulting in the lower NAD(P)H/FAD ratio values ([Fig. 5](#fig5){ref-type="fig"}). Mitochondrial sites of FAD consumption are the succinate dehydrogenase reaction and the glycerol phosphate shuttle, where FADH2 is generated. Additionally, the dihydrolipoyl dehydrogenase within the pyruvate dehydrogenase complex reduces protein-bound FAD to FADH2 to ultimately generate NADH (for overviews on mitochondrial metabolism in beta cells see ([@bib36], [@bib37], [@bib38])).

A decreased activity of these enzymes, in particular of the pyruvate dehydrogenase offers a straightforward explanation for the decreased NAD(P)H/FAD ratio in cultured islets. It is conceivable that because of the resulting changes in mitochondrial metabolite flux the consumption of oxaloacetate is slower than in fresh islets, where oxaloacetate is likely the first Krebs cycle metabolite to become critically low during prolonged phases of depolarization in the absence of nutrients ([@bib15], [@bib16], [@bib34]).

The adenine nucleotide levels were not significantly different in cultured and fresh islets at the beginning of the experiments. In view of the higher oxygen consumption of fresh islets mentioned above this may seem to indicate less well coupled mitochondria. However, the islet ATP content is strongly influenced by the ATP content in the insulin granules ([@bib39]), which may obscure the relevant features. What appears to be relevant is different development of the adenine nucleotide contents during nutrient deprivation. Specifically, the lower content of adenine nucleotides and the lower ATP/ADP ratio in cultured islets after 60 min suggests a slower consumption of endogenous metabolites. The significantly higher ATP/ADP ratio in cultured islets after subsequent exposure to 30 mM glucose ([Fig. 6D](#fig6){ref-type="fig"}) together with a larger increase of the NAD(P)H/FAD ratio ([Fig. 5D](#fig5){ref-type="fig"}) suggests that under this condition glucose was better able to accelerate the oxidative phosphorylation, probably via the increased generation of reducing equivalents.

Another feature related to the different activity of oxidative phosphorylation is the marked transient decrease of \[Ca^2+^\]~i~ in cultured islets at the beginning of the glucose stimulation, specifically when \[Ca^2+^\]~i~ was elevated by prior exposure to tolbutamide (compare [Fig. 2A](#fig2){ref-type="fig"} and [B](#fig2){ref-type="fig"}). It is known that the transient dip is caused by the activation of SERCA pumps ([@bib40], [@bib41]), which respond to the ATP availability. The initial decrease in \[Ca^2+^\]~i~ was found to be more pronounced after 1-day culture in 5 mM than after culture in 10 mM glucose ([@bib42]). After culture in 10 mM glucose virtually no decrease in \[Ca^2+^\]~i~ occurred, similar to the fresh islets in the present investigation. Thus the initial decrease is not an obligatory criterion for a functioning intracellular Ca^2+^ transport.

The generally higher prestimulatory \[Ca^2+^\]~i~ levels in fresh islets were probably not caused by a lack of ATP required for Ca^2+^ sequestration and extrusion pumps, but may result from the reversible dissociation of gap junction channels (connexons) between beta cells whereby Ca^2+^-permeable hemichannels are formed ([@bib43], [@bib44]). While the initial kinetics of \[Ca^2+^\]~i~ paralleled the increase of glucose-stimulated insulin secretion, the further course of secretion was not reflected by the changes in \[Ca^2+^\]~i~ levels. This was as true for the cultured islets as for the fresh islets ([Fig. 2A](#fig2){ref-type="fig"} and [C](#fig2){ref-type="fig"}). So in both fresh and cultured islets the generation of amplifying signals appears to shape the secretion pattern.

Considering the consequences of exchanging the components of the culture medium (RPMI against KR and FCS against BSA) for the kinetics of glucose-induced secretion, it is obvious that the predominance of the first phase in cultured islets was a very robust feature ([Fig. 8](#fig8){ref-type="fig"}). So it is unlikely to result from specific nutrients contained in RPMI but not KR. FCS supported the overall secretory capacity much better than BSA, but its absence during culture did not abolish the predominant first phase. In this context we found the observation intriguing that mice in vivo were shown to have a biphasic response with an ascending second phase, which was no longer visible after culture of these islets ([@bib45]). The authors hypothesized that the difference was due to the loss of an in vivo input like innervation or incretin hormones. The fact that the secretion pattern of the perfused mouse pancreas ([@bib46], [@bib47]) is similar to that of cultured islets also points in this direction.

In summary, the secretion kinetics of fresh mouse islets is more responsive to variations of nutrient stimulation whereas cultured islets respond with uniform kinetics, the pattern of which resembles the one elicited by purely depolarizing stimuli. Even though the isolation procedure may affect islet function, it is not damaging to the islet structure, if appropriately performed. Conversely, the altered kinetics after culture does not simply represent a reset to the original working conditions. It remains to be clarified whether it is due to a lack of signals present in vivo or whether general conditions of the culture phase leave an imprint on the nutrient metabolism of the beta cell.
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